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a b s t r a c t

Intracortical electrodes record neural signals directly from local populations of neurons in the brain, and
conduct them to external electronics that control prosthetics. However, the relationship between elec-
trode design, defined by shape, size and tethering; and long-term (chronic) stability of the neuron
eelectrode interface is poorly understood. Here, we studied the effects of various commercially available
intracortical electrode designs that vary in shape (cylindrical, planar), size (15 mm, 50 mm and 75 mm),
and tethering [electrode connections to connector with (tethered) and without tethering cable
(untethered)] using histological, transcriptomic, and electrophysiological analyses over acute (3 day) and
chronic (12 week) timepoints. Quantitative analysis of histological sections indicated that Michigan
50 mm (M50) and Michigan tethered (MT) electrodes induced significantly (p < 0.01) higher glial scar-
ring, and lesser survival of neurons in regions of bloodebrain barrier (BBB) breach when compared to
microwire (MW) and Michigan 15 mm (M15) electrodes acutely and chronically. Gene expression analysis
of the neurotoxic cytokines interleukin (Il)1 (Il1a, Il1b), Il6, Il17 (Il17a, Il17b, Il17f), and tumor necrosis
factor alpha (Tnf) indicated that MW electrodes induced significantly (p < 0.05) reduced expression of
these transcripts when compared to M15, M50 and FMAA electrodes chronically. Finally, electrophysi-
ological assessment of electrode function indicated that MW electrodes performed significantly
(p < 0.05) better than all other electrodes over a period of 12 weeks. These studies reveal that intra-
cortical electrodes with smaller size, cylindrical shape, and without tethering cables produce signifi-
cantly diminished inflammatory responses when compared to large, planar and tethered electrodes.
These studies provide a platform for the rational design and assessment of chronically functional
intracortical electrode implants in the future.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Recent advances in the field of neural prosthetics have led to a
renewed interest in the use of brain-computer interfaces (BCIs) to
provide paralyzed patients with the capacity to communicate with
and control external neuroprosthetics [1]. A range of non-invasive
electroencephalogram (EEG) and electrocorticographic (ECoG)
electrode arrays have been developed for various BCI applications
[2e4]. However, the ability of invasive intracortical electrodes to
communicate directly with local neuronal populations and to
: þ1 404 385 5044.
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All rights reserved.
providemore precise control to BCI systems capable of controlling a
robotic limb makes them more attractive and preferred over non-
invasive electrodes.

Outside the realm of BCI related applications, chronically
implanted electrode arrays have been widely used over the past
several decades to measure the activity of individual neurons and
populations of neurons in circuits relevant for perception and
behavior, and form the crux of a wealth of basic neuroscience
studies. While magnetic resonance imaging [5], optical imaging [6],
EEG [7], and ECoG [8] electrode arrays are being employed for
various basic neuroscience applications, chronically implanted
electrodes are the gold standard for studying systems level aspects
of brain function [9e13]. The chronic presence of intracortical
electrodes in the brain tissue is nevertheless hypothesized to
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trigger a strong and sustained foreign body response which com-
promises function, ultimately leading to electrode recording failure.
The widespread acceptance and development of this technology is
therefore entirely dependent on the ability of implanted neural
interfaces to function reliably in a chronic setting.

While signal acquisition, signal processing, and device control
continue to evolve rapidly, the design of invasive intracortical
electrodes has evolved little since early implantation studies in cat
and primate brains by Clark and Ward [14], and Delgado [15].
Modern intracortical electrodes of different designs are largely
based on three major design formats: a) cylindrical insulated metal
electrodes with exposed recording site tips [16]; b) planar silicon
multi-recording site microelectrodes [17]; and c) needle shaped
conductive silicon based multi-electrode arrays [18], that are con-
nected to a headstage via a tethering cable and pneumatically
inserted into the cerebral cortex [19].

A number of studies have reported the benefits of small implant
size [20,21], implant flexibility [22e29] and the use of neuro-
integrative and anti-inflammatory bioactive coatings [30e33].
While these strategies lend themselves to increasing neuronal
viability and ameliorating reactive gliosis around intracortical elec-
trode implants with varying degrees of success, the ultimate goal of
facilitating chronic electrode function nevertheless still remains
elusive, as most studies have used non-functional electrodes. There-
fore, a comprehensive studyaddressing the effects of electrodedesign
on tissue response, and the temporal expression of neurotoxic and
proinflammatorycytokines is germane to informingelectrodedesign,
and facilitating chronic recordings from indwelling electrodes.

In this study, we investigated the role of intracortical electrode
design on the triggering of brain tissue foreign body responses, and
expression of pro-inflammatory and neurotoxic cytokines over
acute (3 day) and chronic (12 week) timepoints. Using multiple
unique analysis measures, we interrogated the relationship be-
tween the chronic expression of neurotoxic pro-inflammatory cy-
tokines and chronic electrode recording failure.

2. Materials and methods

2.1. Intracortical electrodes

A range of commercially available intracortical electrodes covering the current
design space of size and shape were acquired from different vendors and classified
into tethered and untethered groups (Fig.1 & Table 1). Further classifications of size
and shape were made within each major group. In the untethered group, Michigan
electrodes [M15 (15 mm thickness), Fig. 1A; and M50 (50 mm thickness), Fig. 1B;
silicon non-functional and functional CM32 probes] were obtained from Neuro-
Nexus (Ann Arbor, MI); andMicrowire Arrays (MW; tungstenw/30� tip angle, 50 mm
diameter functional probes; Fig. 1C) were obtained from Tucker-Davis Technologies
(Alachua, FL). In the tethered group, Michigan tethered [(MT; non-functional silicon
H-series probe, 15 mm thickness with tethering cable), Fig. 1D] were obtained from
NeuroNexus (Ann Arbor, MI) and Floating Microwire Arrays [FMAA (Pt/Ir fast
tapered, 75 mm diameter with tethering cable) and FMAB (Pt/Ir slow tapered, 75 mm
diameter with tethering cable) non-functional and functional probes; Fig. 1E] were
obtained from MicroProbes for Life Sciences (Gaithersburg, MD); and Utah Arrays
(UA; Silicon, 6 � 6 functional arrays with tethering cable; Fig. 1F) used as the clinical
gold standard for electrophysiological comparison were obtained from Blackrock
Microsystems (Salt Lake City, UT).

2.2. Animal surgeries

All animal procedures were approved by the Institutional Animal Care and Use
Committee at the Georgia Institute of Technology. Different cohorts of animals were
implanted with intracortical electrodes of various designs for acute and chronic his-
tological, cytokine and electrophysiological analyses (Fig. 2), amounting to a total of
124 animals across all groups. Each of these procedureswas conducted usingmethods
previously described [34]. Briefly, each adult male rat was anesthetized using 2% iso-
fluorane and its head depilated. The animal was subsequently transferred to a ste-
reotaxic frame (DavidKopf Instruments, CA)fittedwith temperature regulation, heart-
rate and respiration monitoring systems, and isofluorane delivery systems. Lidocaine
was injected sub-dermally as a local anesthetic, following which a single midline
incisionwasmade. A craniotomywasmadew1.5mmposterior from anterior bregma
and w4 mm lateral from the midline, after retracting the skin flaps and cleaning the
skull surface with 3% hydrogen peroxide. Uniform insertion techniques were used for
implantation of untethered (M15,M50, andMW) and tethered (MT, FMAA, and FMAB)
electrodes into the rat barrel cortex using a hydraulic micropositioner (David Kopf
Instruments, CA) andvacuuminserter tool (for FMAelectrodes).Untetheredelectrodes
M15, M50 and MW were implanted stereotaxically to depths of w1200 mm (M15 &
M50) and w800 mm (MW); and tethered electrodes MT, FMAA and FMAB were
implanted todepthsofw1200mm(MT)andw800mm(FMAA&FMAB) in the rat barrel
cortex respectively following the removal of the dura-mater and placement of bone
screws. The tethered Utah arrays were stereotaxically implanted using a
pneumatically-actuated array inserter without retracting the dura-mater as recom-
mended by themanufacturer (Blackrock Microsystems, UT). In the case of all tethered
electrodes, the tethering cable was immediately secured to a bone screw with dental
cement following electrode implantation to avoid electrode displacement. The crani-
otomy was covered with sterile 2% SeaKem agarose (Lonza, NJ) and sealed with UV
curing dental cement which was also used to build the head cap (Fig. 1G). The he-
mostats were subsequently removed and the skin flap sutured back. The animal was
injectedwithbuprenorphineHCIandallowed to recoverbefore returning it to the cage.
Animals assigned for acute and chronic histological analysis were additionally sub-
jected to a stereotaxically inflicted stabwound on the hemisphere contralateral to the
electrode implant, and had non-functional electrodes implanted.

2.3. Tissue preparation and immunohistochemistry

Animals were anesthetized using ketamine (50 mg/kg)/xylazine (10 mg/kg)/
acepromazine (1.67 mg/kg) 3 days and 12 weeks post electrode implantation, and
transcardially perfused with phosphate buffered saline (PBS), followed by 30% su-
crose in PBS, followed by 4% paraformaldehyde. The brains with implanted elec-
trodes were post-fixed in 4% paraformaldehyde, following which electrodes were
carefully extracted and brain tissue (n ¼ 6/electrode type) prepared for immuno-
histochemical analysis as described previously [34]. For laser capture microdissec-
tion (LCM) studies, animals implantedwith intracortical electrodes for 3 days and 12
weeks were anesthetized as above and transcardially perfused with PBS followed by
30% sucrose in PBS. The electrodes were carefully extracted and the brainswere snap
frozen and stored at�80 �C. Brain tissue was sectioned at a thickness of 15 mmusing
a cryostat, and serial sections were collected on polyethylene naphthalate (PEN)
membrane slides (Life Technologies, NY) for LCM, and on charged glass slides (VWR,
PA) for immunohistochemical analysis. Serial sections were subsequently blocked
with blocking buffer (PBS containing 4% goat serum and 0.5% Triton-X100) for 1 h
and incubated overnight in blocking buffer containing groups of antibodies (Table 2).
Following primary antibody incubation, the sections were washed thrice with PBS,
blocked for 1 h in blocking buffer containing 1:220 dilutions of appropriate sec-
ondary antibodies (Table 2). After 1 h, sections were washed several times with PBS
and stained for 15 min with 40 ,6-diamidino-2-phenylindole (DAPI) nuclear stain
(Life Technologies, NY). Tissue sections were subsequently washed thrice with PBS
and coverslipped with Fluormount-G (Southern Biotech, AL). Sections were stored
at�20 �C until imaged. Tissue sections were imaged on a Zeiss Axiovert 200 M (Carl
Zeiss, NY) using equal exposure times for all fluorescent markers across all time-
points.

2.4. Laser-capture microdissection and qRT-PCR

LCM of brain tissue of interest was conducted as described previously [34].
Briefly, brain tissue sections were placed on a cold block and fixed for 2 min in ice-
cold 75% ethanol, followed by three rinses with ice cold nuclease free PBS (Life
Technologies, NY). Sections were then stained for 1 h with 1:220 dilution of goat
anti-rat IgG þ 500 U RNase inhibitor (Life Technologies, NY). The sections were
rinsed thrice with nuclease free PBS and subsequently serially dehydrated with 75%,
95% and 100% ethanol for 15 s each. Sections were allowed to air dry for 5 min on the
ice block before LCM using an Arcturus XT Laser Capture Microdissection System
(Life Technologies, NY).

Tissue sections from multiple 3 day and 12 week and naïve (n ¼ 4/group) ani-
mals were laser capture microdissected, and total RNA extracted for qRT-PCR
analysis of cytokine gene expression using PCR arrays (Qiagen, CA) as described
previously [34]. Gene expression data was analyzed using the DDCt method, and a
fold difference of >3 or �3 fold in quantities of cytokine mRNA expression in
electrode implanted animals when compared to naive uninjured animals was
considered biologically significant. Gene expression data was also normalized
against the average expression of five endogenous controls.

2.5. Electrophysiology

Sensory evoked extracellular (single and multi-unit) recordings from the rat
barrel cortex obtained during vibrissal deflections were amplified and collected
using a 32echannel dataeacquisition system (Plexon Inc., TX). Neuronal signals
were amplified, bandepass filtered (500e5 kHz), and digitized at 40 kHz/channel.
Recordings were analyzed using the OfflineSorter software suite (Plexon Inc., TX) to
assign the recorded spike waveforms to singleeunits on the basis of standard
template matching techniques and physiologically plausible refractory periods. All



Fig. 1. Electrode design space of untethered and tethered electrodes. Overall dimensions of untethered Michigan 15 mm (M15), Michigan 50 mm (M50), and microwire (MW)
electrodes are presented in figure panels A, B, & C; and tethered Michigan (MT), floating microwire array (FMA), and Utah array electrodes are presented in figure panels D, E, & F
respectively. Individual shank geometry and dimensions are presented alongside electrodes. Electrode insertion and headcapping of tethered and untethered electrodes is depicted
in figure panel G. Note that schematics are not to scale.
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cortical cells were located at stereotaxic depths of 500e900 mm,within cortical layer
IV of the rat barrel cortex. Cortical cells were classified as regular spiking units based
on the width of action potential waveform [35]. A recorded neuron was classified as
a regular spiking unit when the initial trough was >200 ms and the total duration of
the waveformwas >1200 ms, and the spontaneous firing rate < 1 Hz. Following this
classification, only regular spiking units were recorded in the subsequent whisker
Table 1
Electrode design space.

Immunohistochemistry
Untethered Tethered

Size M15 vs. M50 MT vs. FMAA vs. FMAB
Shape M50 vs. MW FMAA vs. FMAB
Tethering M15 vs. MT

Cytokine gene expression analysis
Size M15 vs. M50
Shape MW vs. M50
Tethering MW vs. FMAA

Electrophysiological analysis
Size M15 vs. M50 Utah array (clinical gold standard)
Shape M50 vs. MW
Tethering FMAA
stimulations. The signal-to-noise ratio (SNR) was computed based on the size of the
action potential waveform relative to the background voltage fluctuations:

SNR ¼
�
Amplitude of max½peak; trough� of spike waveform

3*Standard deviation of noise

�2

An SNR of 1.25 was set as the threshold and any value at or below 1.25 was
considered noise [36].
2.6. Quantitative analysis of histology

2.6.1. Quantitative analysis of immunofluorescence intensities
Images were normalized to decrease background fluorescence by subtracting

the intensity of a naïve section stained with the appropriate secondary antibody, and
imaged at the same exposure time. Five sections (per animal) spanning the depth of
the electrode were imaged for quantification to investigate the response at different
depths in the cortical column. Fluorescence intensity as a function of distance from
the electrodeetissue interface was calculated using the MATLAB Image Processing
Toolbox (Mathworks, MA), as previously described [37e39].

2.6.2. Curve fitting using the KWW model
In order to model the fluorescence intensity as a function of distance from the

shank site, a stretched exponential model was fit to the fluorescence intensity data.
The stretched exponential model is described by:



Fig. 2. Overview of experimental approach. Histological analysis was conducted on tissue explanted from animals implanted with intracortical electrodes comprising a range of
design variations. Results from histological studies were used to inform the design space of subsequent electrode implants for cytokine and electrophysiological analyses
respectively.
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I ¼ Ae�ðdsÞ
b

where I is the observed fluorescent intensity, A is a fitting parameter with di-
mensions of intensity, d is the distance from the shank site, s is a fitting parameter
with the dimensions of distance, and b is the Kohlrausch, Williams, and Watts
(KWW) stretching parameter [40,41]. The values of b range from 0 to 1, where 1
indicates single exponential decay. Parameters of the KWWModel (A, s, and b) were
estimated by numerically minimizing the sum of squared errors using the Leven-
bergeMarquardt algorithm, using custom written scripts in MATLAB [42].

2.6.3. Correlation analysis of immunohistochemistry
To determine the statistical relationship between the prevalence of different

histological features, each histological stain was split into spatial bins of size
100 � 100 pixels. In each spatial bin, the number of NeuNþ and CD68þ cells was
counted as features for these stains, and integrated cell intensities were assigned for
each. To analyze the relationship between stain types, these features were input into
a Multi-Task Gaussian Process [43], and the cell counts were converted to real values
through a Poisson-Lognormal link function. The spatial statistics were modeled
through an exponential kernel in the Gaussian Process, which models smooth
continuous function of space [44]. The covariance matrix received from the Multi-
Task Gaussian Process was used to derive the linear relationship between the
stains, as well as a covariance relationship on the spatial information, since con-
trolling for spatial dependencies estimates uncertainty and inference of true re-
lationships more accurately [43]. The spatial covariance matrix was subsequently
normalized into a correlation matrix in order to obtain pairwise correlations be-
tween stain types, which provided the reduction in uncertainty for one stain given
another (similar to an R value). A positive correlation implied that an increase in one
Table 2
Primary and secondary antibodies used.

Primary antibodies Secondary antibodies (from goat)

Rabbit anti-GFAP (Dako, CA) Anti-rabbit IgG (H þ L) 594
(Life Technologies, NY)

Mouse anti-CD68 (Millipore, CA) Anti-mouse IgG1 488
e Anti-rat IgG 594
Mouse anti-Neurofilament 160/200

(Sigma Aldrich, MO)
Anti-mouse IgG 488

Mouse Anti-Tau1 (Millipore, CA) Anti-mouse IgG2a 594
Mouse Anti-NeuN (Millipore, CA) Anti-mouse IgG 488
Mouse Anti-Vimentin Anti-mouse IgG (H þ L) 594
type of stain corresponds to a statistical increase in the expectation of the other
stain.

2.7. Statistical analysis

Histological analysis of integral of fluorescence intensities was conducted using
Student’s t-tests and one way analysis of variance where applicable, followed by
appropriate post-hoc tests. Analysis of statistical significance of cytokine gene
expression, as defined by ‘upregulated’ (fold change >3 fold), ‘downregulated’ (fold
change > -3 fold); or ‘response’ (fold change >3 or �3 fold) and ‘no-response’ (fold
change is biologically insignificant i.e. < 3 or �3 fold) triggered by intracortical
electrode implants of different size and shape was conducted using Chi-square
tests and Fisher’s exact tests where appropriate. Data were plotted using Sigma-
Plot 12 (Systat Software, Inc., CA). A p-value <0.05 was considered statistically
significant.

3. Results

3.1. Histological analysis of foreign body response in brain tissue

In order to qualitatively and quantitatively assess the extent of
tissue reaction to intracortical electrode implants, we processed
brain tissue for immunohistochemistry using antibodies listed in
Table 2. Inter-electrode comparisons of integrated fluorescence
intensities to a distance of 50 mm from the electrode implant site for
glial scarring and BBB breach specific markers were conducted as
described in Fig. 3A. Inter-untethered electrode size (M15 vs. M50)
comparisons showed that M50 electrodes induced a significantly
(p < 0.01) higher scarring response at 3 days post implantation
(3DPI) and 12 weeks post implantation (12 WPI) as marked by the
heightened presence of microglia/macrophages (CD68þ) (Fig. 3B)
when compared to M15 electrodes. Inter-untethered electrode
shape (M50 vs. MW) comparisons indicated that M50 electrodes
induced a significantly (p < 0.01) higher scarring response than
MW electrodes at 3DPI as marked by heightened fibroblast
(vimentinþ) presence (Fig. 3C). Inter-tethered electrode shape
(FMAA vs. FMAB) and size (MT vs. FMAA vs. FMAB) comparisons
showed a significant increase in BBB breach, as marked by



Fig. 3. Quantification of immunofluorescence image intensities. Integrated image intensities of immunohistochemical markers were computed up to a distance of 50 mm from the electrode interface (A). At least five sections per animal,
across a total of 6 animals per electrode group were analyzed and integrated image intensities compared within inter-untethered electrode size (B), shape (C), inter-tethered electrodes (D), and tethering groups (E). Significant
differences observed in the integrated image intensities of immunofluorescent markers are represented by *, indicating p < 0.01.
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heightened IgG1þ staining of tissue surrounding FMAA electrodes
when compared to MT and FMAB electrodes at 12WPI (Fig. 3D).
Finally, comparisons of electrode tethering (MT vs. M15) indicated
that the tethered MT electrodes induced a significantly (p < 0.01)
higher tissue scarring as indicated by heightened CD68þ staining
when compared to untethered M15 electrodes at both 3DPI and
12WPI (Fig. 3E).

In order to obtain a more accurate assessment of the decay of
fluorescence intensities of glial scarring and BBB breach specific
markers, we used a stretched exponential model as described in
Fig. 4A. Inter-electrode comparisons showed significant differences
for model parameters ‘A’ and ‘s’with units of fluorescence intensity
and distance respectively. Inter-untethered electrode size (M15 vs.
M50) comparisons showed that M50 electrodes induced a signifi-
cantly (p < 0.05) higher tissue scarring response marked by
heightened CD68þ staining when compared to M15 electrodes at
3DPI and 12WPI for both model parameters ‘A’ and ‘s’ (Fig. 4B and
E). Inter-untethered electrode shape (M50 vs. MW) comparisons
showed that M50 electrodes induced a significantly (p < 0.05)
higher tissue scarring response marked by heightened vimentinþ

staining, and higher astrogliosis, as marked by heightened glial
fibrillary acidic protein (GFAPþ) staining when compared to MW
electrodes at 3DPI for model parameter ‘A’ (Fig. 4C), and at 12WPI
for model parameter ‘s’ (Fig. 4F) respectively. Inter-tethered elec-
trode size (MT vs. FMAA) showed that FMAA induced significant
(p < 0.05) tissue scarring marked by heightened CD68þ staining
when compared to MT electrodes 3DPI (Fig. 4D). Finally, compari-
sons of electrode tethering (MT vs. M15) indicated that the tethered
MT electrodes induced significantly (p < 0.05) higher tissue scar-
ring as indicated by heightened CD68þ staining at both 3DPI and
12WPI (Fig. 4G), and heightened vimentinþ staining at 3DPI
(Fig. 4H) when compared to untethered M15 electrodes for model
parameter ‘s’.

In order to establish the temporal variance of a given immu-
nohistochemical marker in relation to another, we conducted
correlational analyses as described in Fig. 5A. Inter-untethered
electrode size (M15 vs. M50) comparisons showed that M15 elec-
trodes showed a significant (p < 0.05) positive correlation of the
scar markers CD68 to GFAP at 3DPI when compared to M50 elec-
trodes, however, no significant differences in CD68 to GFAP corre-
lations were observed at 12 WPI between the two electrodes
(Fig. 5B). M15 electrodes also showed significant (p< 0.05) positive
correlations of neuronal presence (NeuNþ) to BBB breach (IgG1þ)
when compared to M50 electrodes at both 3DPI and 12WPI
(Fig. 5C). Inter-untethered electrode shape (M50 vs. MW) com-
parisons indicated that MW electrodes showed a significant
(p < 0.05) positive correlation of CD68 to GFAP at 3DPI when
compared toM50 electrodes. However, at 12WPI, these correlations
significantly (p < 0.05) increased with M50 electrodes when
compared to MW electrodes (Fig. 5D). MW electrodes also showed
significant (p < 0.05) positive correlations of NeuN to IgG1 at both
3DPI and 12WPI when compared to M50 electrodes, which showed
negative correlations acutely and chronically (Fig. 5E). Comparisons
of electrode tethering (MT vs. M15) indicated that the tetheredM15
electrodes showed a significant (p < 0.05) positive CD68 to GFAP
correlation when compared to MT electrodes at 3DPI (Fig. 5F).
However at 12WPI, MT electrodes showed a significant (p < 0.05)
positive CD68 to GFAP correlation when compared to M15 elec-
trodes (Fig. 5F). MT electrodes also showed significant (p < 0.05)
negative NeuN to IgG1 correlations at both 3DPI and 12WPI when
compared to M15 electrodes (Fig. 5G). Finally, it was also inter-
esting to note that stab wounds inflicted on the contralateral
hemisphere to the electrode implants showed sustained inflam-
mation and breach of the BBB chronically (Supplementary Fig. 1A
and B). In summary, these results suggest that: a) smaller (M15)
electrodes induced significantly reduced glial scarring and
neuronal loss when compared to larger (M50) electrodes; b)
cylindrically shaped (MW) electrodes induced significantly lesser
glial scarring and BBB breach, and significantly higher neuronal
viability when compared to planar (M50) electrodes of the same
size; and c) electrode tethering of (MT) electrodes induced signif-
icantly heightened tissue scarring and neuronal damage when
compared to untethered (M15) electrodes of the same size.

3.2. Analysis of cytokine gene expression

In order to quantitatively assess the extent of inflammatory
signaling around intracortical electrode implants, we conducted
expression analysis of cytokine encoding transcripts obtained from
brain tissue explanted from 3 day and 12 week intracortical elec-
trode implanted animals using qRT-PCR analysis. In our previous
study [36], we reported significant differences in chronic re-
cordings between MW and M50 electrodes at both 12 and 16WPI.
Significant differences however diminished briefly immediately
after 12WPI and returned at 16WPI. In light of these findings, we
decided upon the 12 W chronic time-point for transcriptomic
analysis of pro-inflammatory neurotoxic cytokines. Gene expres-
sion levels of a select group of pro-inflammatory neurotoxic cyto-
kines: Il1 (Il1a, Il1b), Il6, Il17 (Il17a, Il17b, Il17f), and Tnf, which are
known to be critical mediators of inflammation in the brain [45]
were compared across animals implanted with electrodes of
different shape and size. Inter-electrode comparisons of electrode
size (M15 vs. M50) showed significant differences (p< 0.05) in gene
expression of neurotoxic cytokines, with M50 electrodes inducing
lower expression of these cytokines when compared to M15 elec-
trodes at 3DPI (Fig. 6A). In contrast, inter-electrode comparisons of
electrode shape (M50 vs. MW) and tethering (MW vs. FMAA)
showed no significant differences in gene expression of neurotoxic
cytokines at 3DPI. However, at 12WPI, M50 and FMAA electrodes
induced a significant increase (p < 0.05) in neurotoxic cytokine
gene expression when compared to MW electrodes (Fig. 6B and C).
Intra-electrode comparisons further showed that M50 electrodes
induced a significant increase in neurotoxic cytokine gene expres-
sion at 12WPI when compared to 3DPI (Fig. 6D). In contrast, both
MW and M15 electrodes did not show any significant intra-
electrode differences in neurotoxic cytokine gene expression at
both acute and chronic time-points (Supplementary Table 1).
Overall, MW electrodes showed significantly reduced (p < 0.05)
expression of neurotoxic cytokine transcripts when compared to all
other electrodes chronically (Fig. 6E).

Inter-electrode comparisons were also made to assess expres-
sion of Interferon (Ifn), Interleukin (Il), transforming growth factor
beta (Tgfb) and Tnf superfamily transcripts. Inter-electrode com-
parisons of size (M15 vs. M50), shape (M50 vs. MW) and tethering
(MW vs. FMAA) showed no significant differences in gene expres-
sion of Ifn, Il and Tnf superfamily members (Supplementary
Tables 2, 3 & 4). Inter-electrode comparisons of size (M15 vs.
M50) showed significant differences (p< 0.05) in expression of Tgfb
cytokine family members, with M15 electrodes inducing increased
expression of these cytokine encoding transcripts when compared
to M50 electrodes at 3DPI (Fig. 7A). These differences, however,
became insignificant at 12WPI (Supplementary Table 5). Intra-
electrode comparisons further showed that M15 electrodes
induced a significant decrease in expression of Tgfb cytokine family
transcripts at 12WPI when compared to 3DPI (Fig. 7B). MW elec-
trodes induced a significant decrease in Ifn and Il expression at
12WPI when compared to 3DPI (Fig. 7C and D). In contrast, both
M50 and M15 electrodes did not show any significant intra-
electrode differences in the expression of these cytokine super-
family members both acutely and chronically (Supplementary



Fig. 4. Quantification of immunofluorescence intensities as a function of distance from the electrode interface using a stretched exponential model (A). Fluorescence intensity values were obtained for the fitting parameter ‘A’ (B, C, &
D), and distance values obtained for the fitting parameter s (E, F, G, & H), and compared within electrode size (B, C, & E) shape (F), tethering (G &H), and inter-tethered electrode shape (D) groups. Significant differences observed in the
integrated image intensities of immunofluorescent markers are represented by *, indicating p < 0.05.
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Fig. 5. Correlation analysis was performed for glial scar, neuronal viability and BBB breach specific immunohistochemical stains (A). Correlations were compared within electrode size (B & C), shape (D & E), and tethering (F & G) groups.
Significant differences observed in the correlations of glial scar, neuronal viability and BBB breach specific markers between members of each electrode group are represented by *, indicating p < 0.05.
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Fig. 6. qRT-PCR array analysis showing significant differences in the gene expression of neurotoxic cytokine transcripts. Differences in gene expression are plotted at acute
timepoints for inter-untethered electrode size (A), and at chronic timepoints for electrode shape (B) and tethering (C) groups. Intra-electrode differences in gene expression are also
plotted for M50 electrodes (D). Pie-chart shows differences in cumulative gene expression of neurotoxic cytokine transcripts across all electrodes chronically (E). Only fold changes
> 3 or �3 are considered significant. Heatmap plots only represent groups that showed significant differences in gene expression as obtained from Chi-square or Fisher’s exact tests,
where p-values < 0.05 were considered significant.
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Tables 2&3). MW and M50 electrodes also did not show any sig-
nificant intra-electrode differences in the expression of Tgfb su-
perfamily transcripts both acutely and chronically (Supplementary
Table 4). These results suggest that: a) smaller sized (M15) elec-
trodes induce significantly increased expression of neurotoxic
cytokine and Tgfb superfamily encoding transcripts when
compared to the larger (M50) electrodes acutely; b) planar (M50)
electrodes induced significantly higher expression of neurotoxic
cytokine encoding transcripts chronically when compared to cy-
lindrical (MW) electrodes, and also induced heightened intra-
electrode expression of these cytokine encoding transcripts at
12WPI when compared to 3DPI; and c) cylindrical (MW) electrodes
induced significantly reduced inter-electrode expression of
neurotoxic cytokines when compared to M15, M50 and FMAA
electrodes; and reduced intra-electrode expression of pro-
inflammatory Ifns and Ils chronically.

3.3. Intracortical electrode performance

Intracortical electrodes of various designs (Fig.1) were implanted
in the rat barrel cortex, and sensory evoked electrophysiological
responses were recorded on a weekly basis for a period of 12WPI in
order to assess their chronic functional performance.MW,M50,M15
and Utah electrodes showed significantly better SNR’s (>1.25;
p < 0.05) acutely (0e7 DPI) when compared to FMAA electrodes
(Fig. 8A). MWelectrodes also provided significantly (p< 0.05) better
SNR’s (Fig. 8A and F) and more channel activity (Fig. 8G) at chronic
timepoints when compared to the planar (M15 and M50), and
tethered (FMAA and Utah array) electrodes (Fig. 8AeE, HeK).
Overall, none of the electrodes used in this study underwent any
mechanical failure. These results suggest that: a) there is no signif-
icant effect of electrode size on chronic electrode performance, as
evidenced by insignificant differences in SNRs between M15 and
M50 electrodes; and b) there is a significant effect of electrode shape
on chronic electrode performance as evidenced by the significantly
better performance of cylindrically shaped (MW) electrodes over
similar sized planar (M50) electrodes.

4. Discussion

Our understanding of chronic electrode implantation sequelae
has largely been limited to the astroglial scar, and its role in forming
a glial capsule that physically isolates local neurons from electrode
recording sites. In a recent study, we reported a mechanistic insight
into electrode recording failure, involving chronic BBB breach
around implanted intracortical electrodes resulting in chronic
inflammation and subsequent neurodegeneration [36]. In this
study, we analyzed the brain tissue’s response to implanted intra-
cortical electrodes of various size, shape and tethering variations
using quantitative histology; investigated the gene expression
levels of several inflammatory cytokine superfamily members, as
well as a cohort of neurotoxic cytokine encoding transcripts in
tissue surrounding electrode implants; and finally, compared
electrophysiological recordings obtained from a range of intra-
cortical electrode implants over a period of twelve weeks. These
studies elaborate upon the biotic and abiotic factors responsible for
chronic intracortical electrode recording failure.

Histology is a conventional means of assessing brain tissue re-
sponses to intracortical electrode implants. Conventionalquantitative
analysis of histological images involves quantification offluorescence
intensities of intracellular or cell-surface markers as a function of
distance from the electrode implant site [37,46,47]. While advanced
quantitative histology and microscopy methods are being developed
to better represent electrode depth related tissue responses at the



Fig. 7. qRT-PCR array analysis showing significant differences in the gene expression of Tgfb, Ifn and Il superfamily members. Differences in gene expression of Tgfb superfamily
members are plotted at acute timepoints for inter-untethered electrode size (A) group members. Intra-electrode differences in gene expression of Tgfb, Ifn and Il superfamily
members are plotted for M15 (B) and MW electrodes (C & D) respectively. Only fold changes >3 or �3 are considered significant. Heatmap plots only represent groups that showed
significant differences in gene expression as obtained from Chi-square or Fisher’s exact tests, where p-values < 0.05 were considered significant.
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interface of chronic electrode implants [48], these methods are
currently not high-throughput enough, making the quantitative
analysis of a large number of samples difficult. We therefore con-
ducted conventional quantitative fluorescence image intensity anal-
ysis of histological sectionsalongwitha statistical correlationanalysis
of immunohistochemical markers in a deductive approach to narrow
down the design space of intracortical electrodes used for subsequent
cytokine array and electrophysiological analyses. Although fluores-
cence intensities canbeused to infer the relative abundanceof a given
immunohistochemical marker in tissue surrounding different elec-
trode implants, statistical correlation analysis provides additional
information in the form of positive and negative correlations of
immunohistochemical markers in relation to one another. This
additional measure could help better explain differences in cytokine
expression and electrode function when compared to fluorescence
intensities of individual immunohistochemical markers alone. Our
assessment of the effects of inter-untethered electrode size on the
brain tissueresponsemainlysuggests that the larger sizedplanarM50
electrodes were significantly more scar inducing than the smaller
sized planar M15 electrodes both acutely and chronically. Although
we applied uniform electrode insertion techniques, the higher cor-
relationofactivatedmicrogliaandastrocytesobservedacutelyaround
M15 electrodes could be attributed to the manual stereotaxic inser-
tion of these electrodes, which could be alleviated using pneumatic
insertion to minimize the electrode insertion fingerprint. These
results also corroborate previous observations [49], and suggest that
decreasing the size of intracortical electrode implants could in turn
reduce glial scarring and neuronal loss, thereby potentially prolong-
ing chronic electrode function. Our assessment of inter-untethered
electrode shape suggests that the planar M50 electrodes induce
significantly heightened tissue scarring responseswhen compared to
cylindrical MW electrodes at chronic timepoints. These results,
coupled with our previous observations showing enhanced BBB
breach around planar M50 electrodes chronically [36] suggest that
electrode micromotion could possibly result in significantly greater
reactive gliosis and rupturing of brainmicrocapillaries around planar
silicon electrodes when compared to cylindrical MWelectrodes. The
higher correlationof glial scarmarkers acutelyaroundMWelectrodes
whencompared toM50electrodes couldhoweverbeattributed to the
initial tissue response to insertion of thebulkierMWelectrode arrays,
which displace a larger volume of brain tissuewhen compared to the
M50 electrodes. Our results corroborate observations from previous
studies evaluating brain tissue responses to chronically implanted
planar silicon microelectrodes, where persistent gliosis and macro-
phage activation is suggested to contribute to neuronal loss [46].
Previously, Vetter et al. [50] reported minimal tissue scarring and
w90% function of tethered electrodes implanted in the rat auditoryor
motor cortex over a period of 127 days. In contrast, our histological
results comparing tethered and untethered electrodes implanted in
the rat barrel cortex imply that electrode tethering significantly
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contributes to anenhanced foreign body responsewhen compared to
untethered electrodes.We speculate that the enhanced foreign body
response observed inour studiesmayhave possibly resulted from the
frequent mechanical impact of electrodes (against the cage) implan-
ted in the rat barrel cortex,which is anatomicallymore caudolateral to
the primary motor cortex. Although we did not compare the func-
tional performance of tethered vs. untethered Michigan electrodes,
we speculate that the enhanced foreign body response observed
around tethered electrodes is likely to compromise chronic electrode
function. Our histological observations also corroborate similar re-
sults obtained when tethered electrodes were compared to unteth-
ered free-floating implants [51].

While quantitative histology is a useful technique to evaluate
gross changes in histological markers around electrode implants, it
is not nearly sensitive enough to predict the extent of neuronal
health, and to quantitatively determine temporal changes in
neurotoxic and pro-inflammatory cytokines accumulating around
these implants. We therefore adopted a sensitive technique
involving LCM of tissue containedwithin the area of the BBB breach
surrounding intracortical electrode implants, followed by tran-
scriptomic analysis of neurotoxic and pro-inflammatory cytokines
using qRT-PCR. IL1, IL6, IL17, and TNF are important cytokines
implicated in the advancement of inflammatory pathogenesis in
numerous neurological disorders [45]. In situations involving
physical injury to the CNS, the breach of the BBB results in the
immediate (0e3 days) infiltration of hematogenous granulocytes,
monocytes and macrophages; and the subsequent infiltration of a
variety of CD8þ and CD4þ T cells and natural killer (NK) cells [52].
The ensuing microglial activation by infiltrating macrophages and
serum proteins in blood [53], and the secretion of neurotoxic cy-
tokines, predominantly by activated microglia, are known to be key
mechanisms contributing to neuronal apoptosis [52]. Although
reactive astroglia are responsible for numerous beneficial outcomes
in several CNS pathologies [54], they in conjunction with reactive
microglia are also known to produce neurotoxic cytokines such as
TNF, IL1 and IL6 [55]. Reactive astrocytes and microglia also act as
antigen presenting cells responsible for inducing a sustained in-
flammatory response to CNS injuries [56,57]. In a recent study, we
have reported the localized accumulation of myeloid cells and
neurotoxic and myeloid cell regulating cytokines around chronic
intracortical electrode implants [36]. Our results from this study
suggest differential inter-electrode expression of these cytokine
encoding transcripts acutely betweenM50 andM15 electrodes, and
chronically between M50 and MW electrodes. Our results showing
heightened acute gene expression of neurotoxic cytokine tran-
scripts around M15 electrodes corroborate acute correlational
analysis of histology of tissue surrounding M50 and M15 elec-
trodes, where M15 electrodes showed a higher correlation of
CD68þ and GFAPþ markers when compared to M50 electrodes.
Although histological analysis suggests that M15 electrodes were
significantly less scar inducing than the larger M50 electrodes both
acutely and chronically, we postulate that the early recording fail-
ure of both M15 and M50 electrodes may have resulted in part due
to the similar architecture of these electrodes; as well as the
significantly heightened correlation of scar markers, and height-
ened gene expression of neurotoxic cytokine transcripts around
Fig. 8. Inter-electrode comparisons of electrophysiological performance across elec-
trodes of different size, shape and tethering variations. (A) SNR representation of M15,
M50, MW, FMAA and Utah array electrodes over a period of 12 weeks. Dotted line
represents baseline cut-off and values are represented as mean � s.e.m. (B,D, F, H, & J)
Individual SNRs, and (C, E, G, I, &K) are heatmap representations of SNRs of all 16
channels (abscissa) over each recording session (ordinate) for M15, M50, MW, FMAA
and Utah array electrodes respectively. Note that heatmaps are on the same scale. The
scale has been terminated at a value of 5 to clearly represent individual channel SNRs.



L. Karumbaiah et al. / Biomaterials 34 (2013) 8061e80748072
M15 electrodes when compared to M50 electrodes acutely. The
significant temporal changes in expression of these cytokine
encoding transcripts in the immediate vicinity of intracortical
electrode implants further suggests that they are key affectors of
neuronal health and viability, and could directly influence chronic
electrode function. TNF, a cytokine whose mRNA is significantly
upregulated around electrode implants acutely, is known to be
secreted by activated microglia and stimulates glutamate produc-
tion via the autocrine upregulation of glutaminase, an enzyme that
catalytically converts glutamine to glutamate, ultimately leading to
excitoneurotoxicity [58,59]. Previous studies have shown that IL1b
in combination with TNF induced significant neurotoxicity by
activating nitric oxide (NO) production in reactive astrocytes [60].
Our results showing the chronic upregulation of Il1b across all
electrodes indicates the need for therapeutic interventions such as
IL receptor antagonist (IL1Ra) therapy to mitigate chronic IL1b
mediated neurotoxicity. Although MW electrode-implanted ani-
mals significantly upregulated Il1b transcripts when compared to
other electrodes chronically, this was also accompanied by the
significant upregulation of Il1ra transcripts, possibly indicating
antagonism of IL1b binding to IL receptor and consequent neuro-
protection [61]. IL6 is a multifunctional cytokine known to induce
neuroprotection, neuronal growth and differentiation after acute
injury to the CNS. IL6 is produced by microglia, astrocytes, macro-
phages, neurons and endothelial cells in the CNS [62e65], and is
associated with the repair of tissue and revascularization of blood
vessels following CNS injuries [66,67]. However, IL6 over-
production chronically is known to contribute to several neuro-
logical disorders such as Alzheimer’s disease and multiple sclerosis
(MS), and increased neutrophil and macrophage infiltration and
neuronal repulsion after CNS injury [68e70]. IL6 along with IL1 and
TNF is a pyrogen [45], known to facilitate the entry of T-lympho-
cytes (T-cells) across the BBB, and is also implicated in several
neurological and autoimmune disorders of the CNS [71e74]. These
Fig. 9. Overview of abiotic and biotic factors affecting chronic electrode function, and propo
function.
results strongly suggest that the observed higher expression of Il1b,
Il6 and Tnf transcripts around M50 electrodes may contribute to
chronic BBB breach and neurotoxicity, leading to the observed
faster recording failure of M50 electrodes when compared to MW
electrodes; which had significantly lower levels of Il6 transcripts
and also downregulated Tnf chronically. IL17 is a relatively new
class of pro-inflammatory cytokines produced by a distinct lineage
of T-cells called T helper 17 cells (TH-17), which along with TH-1 and
TH-2 cells, forms the third category of T helper responses [75], and
whose differentiation and development is directly dependent upon
the action of TGFb, IL1, TNF and IL6. TH-17 cells are key effectors of
neuroinflammatory disorders such as MS and experimental auto-
immune encephalomyelitis, which results from the disruption of
BBB tight junctions via a mechanism involving IL17 secretion and
binding to endothelial cell IL17 receptors, followed by granzyme B
induced neurotoxicity and inflammatory signaling via CD4þ T-cell
recruitment [76,77]. In other studies, In vitro models of oxygen-
glucose deprivation to mimic ischemic stroke induced hypoxia
indicate that IL17 promotes significant neuronal cell death in hip-
pocampal neurons undergoing oxygen-glucose deprivation stress
[78]. Our results showing the heightened chronic upregulation of
Il1b, Il6, Tnf, and Il17 family members in tissue surrounding the
untethered M50 and tethered FMAA electrodes when compared to
untethered MW electrodes is further evidence indicating a sus-
tained pro-inflammatory and neurotoxic environment surrounding
these implants; andmay explain the early recording failure of these
electrodes when compared to MWelectrodes. Finally, based on the
results of histological, transcriptomic, and electrophysiological
analyses, abiotic and biotic factors that contribute to chronic elec-
trode recording failure were identified. These are listed along with
proposed solutions to alleviate these problems, in Fig. 9. Overall,
these studies identify key electrode design elements that
contribute to exacerbated brain tissue and inflammatory responses
to intracortical electrode implants. These studies also establish a
sed intervention strategies and electrode design revisions to facilitate chronic electrode
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causative link between the chronic expression of neurotoxic pro-
inflammatory cytokines and chronic electrode recording failure.

5. Conclusions

In summary, these results suggest that: a) smaller sized M15
electrode implants induce reduced glial scarring and neuronal loss
both acutely and chronically when compared to M50 electrodes;
although early recording failure ofM15 electrodes could possibly be
attributed to the significant increase in correlation of scar markers,
and elevated gene expression of neurotoxic cytokine transcripts
around M15 electrodes when compared to M50 electrodes acutely;
b) cylindrically shaped MW electrodes performed better than
planar M50 electrodes at chronic time-points, likely due to reduced
glial scarring and BBB breach, higher neuronal correlation to re-
gions of BBB breach (indicating neuronal survival), and reduced
expression of neurotoxic cytokine encoding transcripts when
compared to planar M50 electrodes; and c) intracortical electrode
tethering induces a significantly higher glial scarring response
when compared to untethered M15 electrodes. Overall, our results
from the cumulative histological and cytokine gene expression
analysis of tissue surrounding intracortical electrode implants, and
electrophysiological analysis of intracortical electrode implants
suggest that the extent of brain tissue inflammatory response is
significantly influenced by electrode design factors, and that there
is a direct correlation between the chronic upregulation of neuro-
toxic cytokine encoding transcripts and chronic intracortical elec-
trode recording failure.
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